Cytochrome b complete sequences (1140 bp) of Sciurus vulgaris from four regions in continental Asia (Korea, northeastern China, far-eastern Russia, and Mongolia) were obtained and analysed with corresponding complete and partial (359 bp) haplotypes of S. vulgaris, obtained from GenBank. These sequences were used to compare our and previous results from partial sequences and to examine population differentiation of S. vulgaris in Eurasia by using complete sequences and by using more numerous specimens. Based on partial sequences from ten Eurasian regions (the four regions in Asia, Japan, Portugal, western China, Russia, and northern and southern Italy), we found that S. vulgaris is composed of two clades (a minor one from southern Italy and a major one from other Eurasian regions). We considered that our results are more conclusive than previous results by other researchers, performed without using haplotypes from Korea, Mongolia, and far-eastern Russia and detected three clades (southern Italy, Russia, and other Eurasia) or two clades with one distinguishable haplotype. Moreover, we found that our results from partial sequences are less informative than those from complete sequences, indicating that cytochrome b complete sequences from Eurasia are needed in order to examine population structure of S. vulgaris. Finally, in this study on population differentiation from cytochrome b complete sequence analyses, we found that genetic divergence of six Eurasian populations, including the four Asian populations, is low, and that our results do not support the current subspecies classification, recognizing 23 subspecies.
INTRODUCTION
The Red squirrel (Sciurus vulgaris Linneaus, 1758) occurs in wooded areas of most of the Palaearctic, with 23 subspecies being recognized (Thorington & Hoffmann 2005) . Moreover, Jones and Johnson (1965) reported that the Red squirrel from Korea (S. v. coreae) was different from the Red squirrel from north-eastern China (S. v. mamtchuricus) in the external and cranial morphology. On the other hand, Corbet (1978) recognized only two subspecies within S. vulgaris (S. v. vulgaris from continental Eurasia and insular Sakhalin and Hokkaido and S. v. leucourus from insular England and Ireland). Wauters and Martinoli (2008) also proposed a new subspecies for the Red squirrel in southern Italy, indicating that subspecies classification of S. vulgaris is still controversial.
Nuclear genes with a slower rate of evolution are useful for phylogeny construction at a higher level, whereas mitochondrial DNA (mtDNA) is suitable for classification at the species level and the examination of population structure within a species (Sunnucks 2000) . Phylogenetic relationships among the six species in the genus Sciurus were inferred from cytochrome b partial sequences of 1040 bp (Oshida & Masuda 2000) , and the relationships among the seven species in Sciurus were analysed from cytochrome b complete sequences (Oshida et al. 2009 ).
In S. vulgaris genetic divergence within the Italian Alps was examined on the basis of control region partial sequences (378 bp) and microsatellites (Trizio et al. 2005) . They reported that both nuclear and mtDNA data indicate a significant differentiation among study sites and a significant correlation between genetic and geographical distance only over a large scale. Three clades (southern Italy, Russia, and other Eurasia) were detected based on partial sequences (252 bp) of control region and partial sequences (359 bp) of the cytochrome b gene (Liu et al. 2014) . However, Grill et al. (2009) found two clades (southern Italy and other Eurasia), although one Russian haplotype was distinguishable basally to the European group, with high bootstrap support. On the other hand, lack of differentiation between adjacent populations of S. vulgaris were revealed from control region partial sequences (395 bp) of Ireland and England (Finnegan et al. 2008) and from control region complete sequences (1058 bp) of Korea and northeastern China (Koh et al. 2006) .
We can expect to obtain better information from the results based on cytochrome b complete sequences and more numerous geographic locations, compared to the results on the basis of cytochrome b partial sequences and fewer geographic locations. Additionally, Liu et al. (2014) stated that a more extensive study with Eurasian specimens is necessary to draw more determinate conclusions on phylogeographical history of S. vulgaris. Thus, a sequencing study with complete sequences of the cytochrome b gene from other Asian regions, such as Korea, far-eastern Russia, and Mongolia, is necessary to examine genetic differentiation among Asian populations and Eurasian populations of S. vulgaris. However, this portion of the research has not been performed yet.
In this paper, 21 cytochrome b complete haplotypes (1140 bp) of S. vulgaris from four populations in continental Asia (Korea, northeastern China, fareastern Russia, and Mongolia) were obtained and compared to five complete haplotypes of S. vulgaris from Japan and Portugal, obtained from GenBank, 
MATERIAL AND METHODS
We used Sherman live traps and collected 29 specimens of S. vulgaris from 16 locations in the four Asian regions, as given in Table 1 . The 16 collection sites are also shown in Figure 1 . We anesthetized and killed animals with chloroform. Small pieces of muscle Table 1 . Location, specimen number, and cytochrome b haplotypes of Sciurus vulgaris, used in this study. Twenty-one cytochrome b complete haplotypes (1140 bp) were obtained from 29 specimens at 16 locations of four regions (Korea, northeastern China, far-eastern Russia, and Mongolia) in Asia, as shown in Figure 1 .
Mt. Sobaek KRS012 (Sb01); KRS021 and KRS022 (Sb02)
Northeastern China
Far-eastern Russia Vladivostok RRS597 and RRS598 (Vl01)
tissues then were preserved in a deep freezer at -60°. Total cellular DNA was extracted using a genomic DNA extraction kit (Intron Co., Daejeon, Korea). The cytochrome b gene was PCR-amplified using primers L14724 and H15915, designed by Irwin et al. (1991) . The PCR thermal cycle employed was as follows: 94° for 5 min; 94° for 1 min, 60° for 1 min, 72° for 1 min (32 cycles); and 72° for 5 min. To remove primers and unincorporated nucleotides, the amplified products were purified using a DNA PrepMate kit with a silica-based matrix Table 1 , and these sequences were compared to five complete haplotypes of S. vulgaris from Japan and Portugal, obtained from GenBank, as given in Table 2 . It should be noted that although sequences in each of the three haplotypes from Portugal were 1128 bp, we considered them as complete sequences. In addition, partial sequences (359 bp; site nos. 85 to 443) were obtained from the complete sequences, and these partial sequences were compared to the six partial sequences from four other regions in Eurasia, obtained from GenBank, as listed in Table 2 .
Sequence alignment, detection of parsimonious informative sites, model selection, calculation of nucleotide distances, and tree constructions with 1000 bootstrapped replications were conducted using MEGA5 (Tamura et al. 2011) . The Jukes-Cantor (JC) model, which showed the lowest Bayesian information criterion score, was chosen as the best model for our data by the program. Maximum likelihood trees were constructed by the JC model. Tamias senex (AF147665) and Sciurus lis (AB192923) were used as outgroups.
Ethics statement: No governmental permission is required for collecting Red squirrel (Sciurus vulgaris) in Korea, China, Russia, and Mongolia for this kind of scientific study.
RESULTS
From 29 cytochrome b complete sequences (1140 bp) of S. vulgaris in the four regions of Asia, 21 haplotypes were identified, as given in Table 1 . Within 26 cytochrome b complete haplotypes of S. vulgaris (21 haplotypes obtained from this study, and five haplotypes obtained from GenBank), 33 sites (2.81%) were variable, and eight sites (0.70%) were parsimony informative.
A maximum likelihood tree with the 26 cytochrome b complete haplotypes of S. vulgaris is shown in Figure 2 . The 26 haplotypes from the six regions in Eurasia (Gp 1, Korea; Gp 2, northeastern China; Gp 3, far-eastern Russia; Gp 4, Mongolia; Gp 5, Japan; and Gp 6, Portugal in southwestern Europe) were not divided into any subgroups, and a bootstrap value supporting all 26 haplotypes was 100. Average JC distances among the four populations in continental Asia (Gps 1 to 4) ranged from 0.20% to 0.26%, with the same ranges revealed among the five populations in continental Eurasia (Gps 1 to 4 and Gp 6). On the other hand, average JC distance between insular the Japanese population (Gp 5) and five other populations in continental Eurasia (Gps 1 to 4 and Gp 6) was 0.41%. Additionally, three haplotypes from three regions in Asia (Hb02 from Harbin in northeastern China, Vl01 from Vladivostok in far-eastern Russia, and Sl1Bg1Kv1By1 from four Provinces in Mongolia) were identical in their sequences. Minimum JC distances between four haplotypes from Korea and 22 haplotypes from five other Eurasian populations (northeastern China, far-eastern Russia, Mongolia, Japan, and Portugal) were 0.09%, 0.09%, 0.09%, 0.35%,and 0.18%, respectively, as given in Figure 1. KOH, H. S., BAYARKHAGVA, D., KRYUKOV, A. et al.
Fig. 2.
A maximum likelihood tree with 26 cytochrome b complete haplotypes (1140 bp) from Sciurus vulgaris. Twenty-one haplotypes from Korea, northeastern China, far-eastern Russia, and Mongolia were obtained from this study, as listed in Table 1 , and location name follows haplotype name in each haplotype. Five other haplotypes from Japan and Portugal were obtained from GenBank, and location name follows accession number in each haplotype. The tree was constructed with 1000 bootstrapped replications, and the bootstrap values >50% are reported at the internodes. Tamias senex (AF147665) and Sciurus lis (AB192923) were used as outgroups Fig. 3 . A maximum likelihood tree with 32 cytochrome b partial haplotypes (359 bp) from Sciurus vulgaris. Twenty-six haplotypes from Korea, northeastern China, far-eastern Russia, and Mongolia were obtained from complete sequences, as listed in Tables 1 and 2 , and location name follows haplotype name in each haplotype. Six other haplotypes from northern and southern Italy, Russia, and western China were obtained from GenBank, and location name follows accession number in each haplotype. The tree was constructed with 1000 bootstrapped replications, and the bootstrap values >50% are reported at the internodes.
Tamias senex (AF147665) and Sciurus lis (AB192923) were used as outgroups
Within 32 cytochrome b partial (359 bp) haplotypes (26 partial haplotypes, obtained from complete sequences, and six partial haplotypes, obtained from GenBank), 18 sites (5.01%) were variable, and two sites (0.56%) were parsimony informative. A maximum likelihood tree with the 32 cytochrome b partial haplotypes of S. vulgaris from ten populations in Eurasia (Gps 1 to 10) is shown in Figure 3 . Two clades were detected: a minor clade of one haplotype in southern Italy (Gp 10) and a major clade from 31 haplotypes in other Eurasia (Gp 1, Korea; Gp 2, northeastern China; Gp 3, far-eastern Russia; Gp 4, Mongolia; Gp 5, Japan; Gp 6, Portugal; Gp 7, western China; Gp 8, Russia; and Gp 9, northern Italy), with average JC distance of 2.33% (range, 1.69%-2.84%) and six fixed site differences (site nos. 87, 191, 219, 315, 342, and 417) . A bootstrap value supporting all 32 partial haplotypes (the two clades) was 81, and average JC distance among the 31 partial haplotypes (the major clade) was 0.24% (range, 0.00%-0.84%).
Additionally, within the major clade (31 haplotypes) 18 partial haplotypes from the six regions in Asia (Korea, northeastern China, western China, Mongolia, far-eastern Russia, and Japan) were identical in their sequences, and a bootstrap value supporting the 31 partial haplotypes was 74. Two other partial haplotypes from Korea and Mongolia (Wl02 and Kv02, respectively) were also identical in their sequences, and they were located between one Russian haplotype (Gp 8, FJ932488) and 28 other haplotypes from other Eurasia (Gps 1 to 7 and Gp 9) within the major clade.
DISCUSSION
From mtDNA partial control region and cytochrome b haplotypes Liu et al. (2014) concluded that S. vulgaris is composed of three clades (southern Italy, Russia, and other Eurasia), although they detected each of the two clades (southern Italy and Russia) from only one haplotype. On the other hand, Grill et al. (2009) found two clades (southern Italy and other Eurasia), despite the Russian clade by Liu et al. (2014) being distinguishable from the other Eurasian clade, with high bootstrap support. Moreover, these studies did not utilize the specimens from Korea, Mongolia, and far-eastern Russia. In this analysis with the 32 cytochrome b partial haplotypes from Eurasia, including our data from Korea, northeastern China, far-eastern Russia, and Mongolia (Fig. 3) , we newly found that S. vulgaris is composed of two clades: a minor one from single haplotype in southern Italy (Gp 10) and a major one from 31 haplotypes in other Eurasia (Gps 1 to 9), with average JC distance of 2.33% (range, 1.69%-2.84%) and six fixed site differences between the two clades. It should be noted that in our study one Russian haplotype (Gp 8, FJ932488), being recognized as a distinguishable haplotype by Grill et al. (2009) and a distinct clade by Liu et al. (2014) , was clustered together with two haplotypes from Korea and Mongolia (Wl02 and Kv02) and 28 other haplotypes from Eurasia (Gps 1 to 7 and Gp 9), which formed the major clade.
Additionally, Grill et al. (2009) and Liu et al. (2014) failed to get a bootstrap value supporting the three clades of S. vulgaris, but in our analysis (Fig.  3) we first found that a bootstrap value supporting all 32 partial haplotypes of the two clades is 81 (Fig. 3) . However, Grill et al. (2009) reported that a bootstrap value supporting the two clades (Russia and other Eurasia) was 93, but they have only used six haplotypes with identical sequences from southern Italy in their analyses. Thus, we considered that our results from the 32 partial haplotypes, including the 21 haplotypes from Korea, northeastern China, fareastern Russia, and Mongolia, newly obtained by us, are more informative than the previous results from partial sequences by Grill et al. (2009) and Liu et al. (2014) .
From our partial sequence analysis of S. vulgaris (Fig. 3) , we found that a bootstrap value supporting 31 haplotypes of the major clade is 74, but based on complete sequence analysis (Fig. 2) we recognized that a bootstrap value supporting all 26 haplotypes was 100. We also found that among 32 partial haplotypes, 18 partial haplotypes from six regions in Asia (Korea, northeastern China, far-eastern Russia, Mongolia, Japan, and western China) and two haplotypes from Korea and Mongolia showed identical sequences (Fig. 3) , whereas among 26 complete haplotypes, three complete haplotypes from northeastern China, far-eastern Russia, and Mongolia were identical, as shown in Figure 2 . We found that the results from partial sequences are not conclusive to determine genetic diversity and population structure of S. vulgaris, compared to the results from complete sequences. Thus, we concluded that complete sequences of the cytochrome b gene from Eurasia are needed in order to study on population differentiation of S. vulgaris.
Moreover, in this study (Fig. 2) we used complete sequences of the cytochrome b gene, which was not utilized by former researchers in order to examine genetic diversity of S. vulgaris from Eurasia. We did not obtain complete sequences of the cytochrome b gene from the specimens across Europe, especially southern Italian specimens, but, for further discussions in this study we used our results from complete sequences.
Central populations of a species range are relatively homogeneous (Eckert et al. 2008) , and a genetic distance of <2% based on the cytochrome b gene was typical of population and intraspecific variation (Bradley & Baker 2001) . Asian populations have been shown to display this homogeneity in the Asian lesser white-toothed shrew (Crocidura shantungensis) and the striped field mouse (Apodemus agrarius) (Koh et al. 2013 (Koh et al. , 2014 . KOH, H. S., BAYARKHAGVA, D., KRYUKOV, A. et al. In this analysis (Fig. 2) based on 26 cytochrome b complete haplotypes of S. vulgaris from the six Eurasian regions, we found that the range of average JC distances among the four populations in continental Asia (Gps 1 to 4) and that among the five populations in continental Eurasia (Gps 1 to 4 and Gp 6) are the same, with the range from 0.20% to 0.26%. Additionally, three haplotypes from northeastern China, far-eastern Russia, and Mongolia showed identical sequences. Thus, we concluded that genetic diversity among five continental Eurasian populations of S. vulgaris is low.
Island populations should diverge over time (morphologically and genetically) from populations of respective mainland species (Johnson et al. 2000) . Although at the end of the last glacial period, large areas of continental shelf was dry land, allowing easy exchange of plant and animals by land bridge connections to what are now isolated islands (Lomolino et al. 2010) . From 26 cytochrome b complete sequences of S. vulgaris (Fig. 2) average JC distance between insular Japanese population (Gp 5) and five other populations in continental Eurasia (Gps 1 to 4 and Gp 6) was 0.41%, indicating that the Japanese population has been connected to adjacent continental populations in far-eastern Russia during the last glacial period.
Peripheral populations are often genetically and morphologically divergent from central populations, and natural barriers to dispersal, which limit species distribution, include mountain range and rivers (Goldberg & Land 2007) . However, peninsular effects appear to be idiosyncratic, depending on context, taxa, scales and taxonomic levels (Battisti 2014) . Northern boundary of the Korean Peninsula was formed naturally by Yalu River, Baitou Mountain (the main peak of the Changbai Mountains in northeastern China, 2744 m above sea level), and Tuman River. Minimum JC distances between four haplotypes from Korea (Gp 1) and 17 haplotypes from five other Eurasian populations (Gps 2 to 6: northeastern China, far-eastern Russia, Mongolia, Japan, and Portugal) were 0.09%, 0.09%, 0.09%, 0.35%, and 0.18%, respectively, as shown in Figure 1 . Thus, we considered that the northern boundary of the Korean Peninsula did not play a role for a natural barrier between S. ulgaris in the Korean Peninsula and that in other continental Eurasia. We also concluded that genetic diversity among Eurasian six populations of S. vulgaris is also negligible.
Additionally, Battisti et al. (2013) noted that rapid range expansion occurred in S. vulgaris in southern Italy, based on the data from distribution history. Grill et al. (2009) and Liu et al. (2014) also noted that S. vulgaris has expanded its range rapidly from a relatively small founding population in southern Italy, on the basis of mtDNA control region and cytochrome b partial haplotypes. From cytochrome b complete sequences (Fig. 2) , we found negligible genetic divergence in the six Eurasian populations of S. vulgaris, and we considered that the low genetic diversity of these Eurasian populations is due to rapid range expansion after the last glacial period. However, we could not discuss on the ancestral population of S. vulgaris because we could not obtain cytochrome b complete haplotypes from southern Italy and Russia.
A subspecies is an aggregate of phenetically similar populations of a species differing taxonomically from other populations of that species (Mayr & Ashlock 1991) . It was advocated that a classification should reflect all available characters distributed as widely and as evenly as possible over the organisms studied (Huelsenbeck et al. 1996) . In our analyses from 26 cytochrome b complete haplotypes of S. vulgaris, performed without using southern Italian and Russian haplotypes (Fig. 2) , population subdivisions were not detected, and we could not recognize the 23 subspecies. As a result, we considered that our results do not to support the current subspecies classification by Thorington and Hoffmann (2005) .
